Experiments are performed at industrial scales over the Ahmed geometry, i.e. at a Reynolds number of Re = 2.5 × 10 6 based on the height of the body. The shape of the squareback geometry is first optimised to make an initial substantial drag reduction. The separated flow at the trailing edge is orientated by introducing chamfers at the top and bottom edges. A parametric study based on both chamfered angles leads to an optimized Ahmed geometry having a drag 5.8% lower than the reference squareback model. It is evidenced that this optimized geometry produces 4 intense longitudinal vortices that still contribute significantly to the drag. The effect of a sideslip yaw angle is studied. As expected, it is found that the drag increases with an increase in the yaw angle, but surprisingly the drag remains constant for yaw angles within the interval ±0.5
A study of wake effects on the drag of the Ahmed' 
Introduction
Car aerodynamics, and more generally ground vehicle aerodynamics is of major interest for future energy saving developments. Due to severe constraints, such as functional shapes, security, and comfort, vehicles have a high aerodynamics drag [1, 2] . They belong to the so called bluff bodies associated with strong flow separation and unsteady wake. There are therefore very good reasons to address this problem fundamentally. The work of Ahmed et al. [3] describes the effect of the afterbody shape of a simplified road vehicle on the flow topology and on the drag. In addition to the large recirculating region of low pressure due to the full flow separation at the base, their work proves the critical influence of the slant angle of the rear window. A drag reduction of 8% compared to the squareback configuration (0 • case) is obtained for a slant inclination of 12.5
• . Beyond this optimal value the drag increases continuously and the worst case (slant angle close to 30
• ) is associated with a 50% increase in drag compared to the squareback geometry. Over a critical angle close to 30
• , the drag decreases abruptly to recover values close to the 0
• configuration. In terms of flow topologies, the blunt afterbody is responsible for a massive separation on the base. For slant angles below 30
• , the flow remains attached on the rear window (at least partially) and a pair of counter-rotating vortices develops from the sides of the slanted face [4, 5, 6, 7] : the intensity of these streamwise vortices gradually grows as the slant angle increases and consequently the drag rises. Above 30
• , the flow separates upstream of the rear window and a massive recirculation region without energetic streamwise vortices, similar to the 0
• case, is established. The flow properties of the squareback geometry are investigated both numerically and experimentally in [8, 9, 10, 11, 12] . The geometry used in the experiments of Ahmed et al. [3] is often used to explore drag reduction strategies strived for industry. Thus, literature reports the use of various different control devices. Much work has been devoted to the 25
• slant angle configuration; significant drag reductions are achieved through passive or active control strategies such as splitter plates [13] , flaps [14, 15] , boundary layer streaks [16] or even pulsed jets [17] . Diverse strategies equally provide interesting base pressure recovery in the squareback case: splitter plates [18] , porous devices [19] or active control [20, 21, 22] .
The experiments of Littlewood & Passmore [23] depict the effect of a small chamfer at the upper trailing edge of a squareback geometry. The geometry of the after body is similar to the squareback Ahmed configuration. Despite the small size of the chamfer in the streamwise direction (only 15% of the base height), an optimal drag reduction of 4.4% is obtained for a chamfer angle of 12
• . The parabolic-like dependence between the chamfer angle and the drag is reminiscent of the results of Ahmed et al. [3] for moderate slant angles where an optimal 8% drag reduction is obtained for an angle of 12.5
• . Thus, the significant drag reduction obtained by Littlewood & Passmore [23] with a small chamfer highlights the high impact on force of the flow orientation at the trailing edge. Similarly, Grandemange et al. [24] studied the effect of the angle of small flaps (or spoilers) located at the top and the bottom of the squareback model trailing edge. Their parametric study led to an optimized configuration, with an angle Φ T = 9.2
• for the top flap and Φ B = −7.4
• for the bottom flap. The drag reduction mechanism was explained by a simple two dimensional effect of wake thinning, hence reducing the bluffness of the body [25] . More importantly, the presence of the optimum was related to a drag penalization because of the presence of longitudinal vortices associated with 3D separation at the salient lateral edges of the flaps. This approach using chamfered shapes is particularly interesting since it corresponds to the method applied by the car manufacturers on real vehicles to limit the drag. Indeed, the angles of the spoiler and of the diffuser (when one is present) are set empirically to reach the optimum drag point given the vehicle parameters (global shape, ground clearance...), the characteristic length of these devices remaining small compared to the vehicle size.
Recently, Grandemange et al. [11, 12] found that the Ahmed body presents bi-stable wake positions related to a reflectional symmetry breaking in the flow solution. This bi-stability creates large cross flow force fluctuations and probably additional drag. The existence of bi-stability is not only a fact of the Ahmed body, it is related to the aspect ratio of the rectangular blunt trailing edge of the 3D body together with the ground clearance [26] . For instance, it has has been observed for a double backward facing step geometry [27] . In car aerodynamics, Lawson et al. [28] observed such behaviour for a realistic car model at 1/4 scale. For the Ahmed body, the bi-stability was found particularly sensitive to steady disturbances when placed in the middle of the recirculation bubble. A vertical cylinder, having the body height and only 5.6% the body width in diameter is able to suppress the bi-stability together with producing a drag reduction estimated to be between 5% and 8% [29] .
The goal of this article is to investigate these new flow understandings and their corresponding drag improvements at the industrial scale while considering two main questions: (i) can the substantial drag contribution of the longitudinal vortices near the lateral edges of the chamfers be evidenced ? 2
(ii) can the substantial drag contribution due to the wake bi-stability be evidenced ?
The simplified Ahmed body is still employed, but in real flow condition with road effect and rotating wheels. The article is organized as follows. The experimental set-up is first described in section 2. The parametric study of small chamfers at the top and bottom of the trailing edge in section 3.1 leads to an optimal drag configuration. This optimal drag model is then used as a reference to test drag reduction methods in the next two sections. In section 3.2, the bi-stable behavior of the wake is evidenced through sideslips measurements and then controlled to successfully reduce the drag. In section 3.3, the longitudinal vortices are suppressed by introducing chamfers on the lateral sides and proves their important drag contribution to the optimal configuration with top and bottom chamfers. Finally, the concluding remarks are presented in Sec. 4. Figure 1 illustrates the actual set-up for the experiments. It is similar to the squareback Ahmed gemetry used in [3] , but is 4 times larger, has a chamfered appendix (shown at (ii) in the diagram) and has a top rear edge chamfered at an angle Φ T > 0 (shown at (i) in the diagram). Also, the original cylindrical supports are replaced by proper wheels, and the distance to the floor is larger. In [3] , the separating distance is 0.186 the body height while it is 0.165 in the present study. The body is tested in the full scale wind-tunnel of GIE S2A at Montigny-Le-Bretonneux especially designed for automotive aerodynamics. A full description of the facility may be found in [30] . Briefly, the test section is a 3/4 open jet with a cross-section of 24 m 2 . The body is placed on a large turntable to reproduce sideslip situations with a yaw angle β as defined in figure 1(b) . A wide belt is entrained at the wind velocity between the rotating wheels to introduce a real road effect on the underbody flow.
Experimental setup
The measurements systems are provided by the GIE S2A. The model is fixed by four thin supports (two downstream the front wheels, and two upstream the rear wheels) on a 6 components balance which provides both the mean value and the standard deviation of each component of the force, say F i and Std(F i ) with i ∈ {x, y, z} denotes respectively, the drag, the side and the lift force component. These quantities are obtained from recordings at a sampling frequency of 10 Hz during 40 s when a statistically steady state is reached; part of the fluctuations are ascribed to measurement uncertainty but the values of Std(F i ) still give qualitative information on the steadiness of the forces. Parietal static pressure are obtained on the geometry at 47 locations: 35 taps are placed on the base as presented in figure 1(c), the 12 others are distributed in the middle of the top, bottom and lateral faces at x * = −0.22, −0.43 and −1.30. When additional information is needed, other pressure sensors are set at some precise locations. Standard pressure measurements are obtained from signal sampled at 2.5 Hz, usually averaged over 40 s.
Measurements in the wake use three 18 holes spherical probes mounted on a three-axis traversing system [30] . The probes are "omniprobe" models from Aeroprobe Corporation having diameters of 9.53 mm. The measurement is performed continuously at an acquisition rate of 2.5 Hz while the traversing system is moving at a constant speed of 75 mm.s −1 . Hence, one measurement point is obtained each 30 mm that sets the spatial resolution. It gives the mean velocities U x , U y and U z and its gradients after processing as well as the static pressure. The precision of the velocity is given by the manufacturer to be less than 1% of the measured velocity modulus, and the angular precision to be less than 0.4
• . The automatic displacement allows to get these data in planes iso-x, iso-y or iso-z. For all the tests, the inlet velocity is set at U 0 = 33.3 m s −1 . The Reynolds number based on the height H of the geometry (see figure 1a ) is Re =
6 . In the following, a * denotes the non-dimensional value of any quantity a(x, y, z, t) made dimensionless by a combination of the height H and the inlet velocity U 0 . The force and the pressure coefficients are defined as :
, with i referring to the force component, ρ is the air density, S = H × W is the frontal area of the Ahmed body and p 0 is the free stream pressure. The coefficients are given to be accurate in the absolute range ±0.002.
Results
The force coefficients of the squareback Ahmed model are displayed in table 1. The drag coefficient is 0.309 which is larger than the value of 0.250 obtained in [3] despite the fact that the Reynolds numbers of our study is only twice the Reynolds number in [3] . The larger drag is then ascribed to the differences in the ground clearances, the rotating wheels and the road effect. The lift coefficient C z is slightly negative. The fluctuation of the side force coefficient S td(C y ) is very large compared to the values of the fluctuations in lift and drag. It is related to the wake bi-stability [11, 12] as it will be shown and discussed in section 3.2.
Drag optimisation by flow orientation at the top and the bottom of the base
This section studies at industrial scales the drag dependence on the flow orientation at the base presented in [24] . Our objective here is to obtain an optimized Ahmed model with substantial drag reduction compared to that of the squareback geometry by chamfering the trailing edge. The top edge of the squareback model is chamfered with positive or negative angles as indicated in the dashed box (i) in figure 1. For practical reasons, we had to introduce an appendix at the bottom edge of the squareback model in order to orientate the flow as indicated in the dashed box (ii) in figure 1. The geometry of the chamfers is a circle arc with an horizontal tangent at the 
Configuration
C upstream edge. The angles Φ T and Φ B are defined by the line passing through the upstream and the downstream edge of the chamfers as depicted in figure 1(a). As a first step, the bottom angle is set to ϕ B = 0
• and the effects of the top angle are considered. The forces as functions of ϕ T are presented in figure 2. They confirm the trends and amplitudes obtained in [24] as the drag is measured as a 2 nd order polynomial fit while the lift presents an affine relationship. Besides, the rear lift 1 , denoted C zr , is equally an affine function of the top slant angle corroborating the fact that the lift evolutions are mostly ascribed to pressure modification on the afterbody. However, one can see a slight difference of slope between C z and C zr in figure 2 ; this indicates that there are still some small variations of the lift on the front axle.
The pressure distribution on the afterbody in the plane y * = 0 are presented in figure 3 for different top angles ϕ T . As in [24] , the effect is clear on the pressure distribution on the top face. The curvature of the geometry is transferred to the potential flow. This results in increases or decreases in pressure depending on the sign of ϕ T , just upstream of the slanted surface for x * > −1.0. The effect is also clear on the base pressure, especially on the gradient in the z direction. Finally, one can observe some modifications of the pressure on the lower face evidencing the coupling effects of the top and bottom angles.
The quadratic dependence between the drag and ϕ T combined with the affine dependence between the lift and ϕ T leads to a relationship between the drag and the lift that can be expressed by
These relationships are presented in figure 4 (a) for different bottom angles ϕ B . As in the experiments in [24] , all the parabole are self-similar with a parameter α = 1.27 independent of ϕ B at first order (see figure 4b) . It is remarkable to see that the value of α is identical to the one obtained in [24] which proves that the force evolutions are of similar amplitude. Moreover, this is consistent with the geometrical interpretation of α in the theory of induced drag.
These variations of force intensities are associated with important modifications of the flow topology. The flows obtained with the two extreme lift configurations are compared to the flow obtained for ϕ T = ϕ B = 0
• in figures 5, 6 and 7. In the plane y * = 0, the results plotted in figure 5 show that the top -bottom equilibrium of the flow is strongly modified. The recirculation bubble is almost symmetric for ϕ T = ϕ B = 0
• while it is significantly asymmetric in the extreme cases. So, the different couples of angles considered in these experiments should explore all the wake orientations between figures 5(a) and 5(c).
The three-dimensional effects play a first order role in the drag. Figure 6 presents the streamwise vorticity in the plane x * = 0.43 for the three different configurations. These maps confirm the formation of streamwise vortices downstream of the corners of the base. The dashed lines locate the contour U x * = 0.5 to discriminate the energetic vortices in the high velocity flow from the chaotic vorticity obtained in the recirculation bubble, mostly due to measurement uncertainty. Besides, for the case ϕ T = ϕ B = 0
• in figure 6 (b), there are clear vortices downstream of the underbody in spite of the absence of bottom inclination; they may be ascribed to the presence of rotating wheels. 
• , ϕ B = 12 • ) respectively. As a consequence, the general trends and topologies ascribed to the different angles reported in [24] remain valid at higher Reynolds numbers. The optimal drag configuration obtained for ϕ T = 7.5
• and ϕ B = −5.0 • (O model in table 1) with a 5.8% drag reduction is now considered. The corresponding flow is presented in figure 8 . The velocities in the plane y * = 0 show that the flow is slightly asymmetric with a reduced recirculation region in comparison to the case ϕ T = ϕ B = 0 • (see figure 8a) . The streamwise vorticity in the very near wake is visible in figure 8(b) ; it evidences the presence of counter-rotating vortices downstream of the corners of the flaps. The vortices emitted from the same side of the geometry are very likely to attenuate each other which results in the absence of large-scale vortices further downstream: only residual traces of vortices are visible in the streamlines in figure 8(c) .
As in the model of drag sources [24] deduced from the drag optimization using orientated flaps at the top and bottom trailing edge, the optimized geometry results in a compromise between the reduced bluffness at the rear and the formation of streamwise vorticity at both ends of the chamfers. This can be seen by comparing the natural case in figure 6(b) to the optimized geometry in figure 8(b) . The height of the separated region depicted with the dashed line is smaller for the optimized case, but the streamwise vortices are more intense. The idea in [24] is to ascribe a source of drag decrease by the wake thinning, which takes into account two dimensional effects only, and a source of drag increase resulting from the drag induced by the streamwise vortices which takes into account three-dimensional effects. The latter depends on the square of the lift force exerted on the chamfers as for the finite size effect of wings in aeronautics.
To gain more understanding of the flow, control experiments explore both the sensitivity of this optimized configuration, especially regarding a possible bi-stable behavior in section 3.2 and some perspectives to limit the formation of the streamwise vortices due to the chamfered trailing edge in section 3.3.
Sideslip effect, wake bi-stability and its control
One of the capabilities of this wind tunnel is the possibility to set a slight and accurate yaw angle; this provides a quantitative parameter of the setup asymmetry. The force measurements allow a detailed description of the effects of a small yaw angle. The drag and the fluctuations of forces as functions of β are plotted in figure 9 . The drag evolution can be decomposed into two regions. There is an affine drag increase as the modulus of β increases for | β |> 0.5
• whereas the drag saturates (given the accuracy of the measurements) on a plateau in the range | β |< 0.5
• . Note that the linear trend is equally reported in the experiments of [31] and is likely to extend up to |β| ≈ 15
• . The fluctuations of drag and lift are independent of the yaw angle but the side force presents strong fluctuations for | β |< 0.5
• in correspondence to the region of the saturated drag value. These fluctuations are governed by the coexistence of two mirror states (bi-stability) in the wake as evidenced in [12] . The pressure distributions on the base for β = −0.7
• , 0 • and 0.8
• are plotted in figure 10 . Both extreme angles present a predominance of one of the two asymmetric states, using the same terminology as in [12] , the state #N is predominant for the negative yaw angle in figure 10(a) and state #P is predominant for the positive yaw angle in figure 10(c) . For the nil yaw angle, the residual asymmetry in figure 10(b) indicates that both states are not equiprobable, but with a small predominance of state #P. Hence, the asymmetry introduced by a slight yaw angle β modifies the states proportion #P and #N. For yaw angles such that | β |> 1
• , the wake is locked in one state which explains the low and constant side force fluctuation. This is similar to the wake manipulation in [29] using a small control cylinder that is able to change the proportion of each state #P and #N keeping a constant drag of the Ahmed body. In the present case, the drag is also insensitive to the states proportion because of the presence of the plateau in the range of small yaw angles. Now, as in the laboratory experiments of [29] , the drag associated with the bi-stability may be quantified using a vertical disturbance. They showed that a vertical cylinder placed in the middle of the recirculation region suppresses the bi-stability which enables a drag reduction to be achieved. To confirm the sensitivity of the asymmetric states to such a disturbance, a similar experiment is performed here at the industrial scale. A vertical control cylinder is placed at x C * = 0.87 and y C * = 0; it has a square cross section with a length matching the height of the body and a side of 50 mm, i.e. 4.3% of the body height. Practically, it is supported by a rod of 20 mm in diameter, fixed on the wind tunnel floor. As in [29] , the drag of the control cylinder is not measured. The control cylinder position is at the end of the sensitive region obtained in [29] . The associated force measurements are given in table 1 and plotted in figure 9 with the square symbols for β = 0
• . The drag is slightly decreased, by approximately 1.7% compared to the optimized model, but a significant effect is obtained on the fluctuations of the side force. The levels of Std(C y ) are reduced from 0.015 to 0.007, the latter value being close to the expected value for a stable configuration. A smaller but significant effect is reported using a smaller control cylinder of diameter 20 mm, i.e. 1.7% of the body height, even if this disturbance is much less efficient in stabilizing the wake and the drag reduction hardly measurable (see figure 9) .
One can note that the use of a disturbance leads to the minimum drag point presumed from the linear dependencies on the yaw angle for | β |> 1.0
• . However, the drag reductions obtained in these experiments after suppression of the bi-stability are clearly smaller than the 5 to 8% expected from the results of [29] . This could be ascribed to a non-optimal position of the disturbance 2 . However, we do not rule out that the disturbance may also produce other effects, not yet identified, independent from the bi-stability suppression and sensitive to the Reynolds number. Further analysis is needed for definite conclusions. See table 2 for the different models configuration and force coefficient measurements.
Flow orientation at the four sides of the base with cavity
The squareback trailing edge is now slightly extended downstream (by a length of 100 mm) as depicted in figure 11 . Four configurations are studied, they are listed in table 2.
For the first configuration denoted C, the extension is straight on the four sides. A drag reduction of 3.6% is obtained with C x = 0.298 for the C model against C x = 0.309 for the squareback Ahmed body (table 1) . It is known that deep cavities at the base improve the drag [32] , which is particularly employed as a major drag reducer for trucks [33] . The second configuration, called C-TB, uses the flow orientation at the top and bottom trailing edge. Both the top and the bottom extensions are thus chamfered as in the previous part, but with larger angles, of Φ T = −Φ B = 10
• , than the optimized Ahmed body. For these larger chamfers, the C-TB geometry has no drag improvement (see table 2) since it is not the optimum. Particularly, we can see the presence of longitudinal vortices in figure 12 , that are associated with three dimensional separations produced by global pressure differences between the body faces. The pressure distribution on the sides of the geometry at x * = −0.22 presented in figure 13 supplies a measurement of these global pressure levels on each face. We can see in figure 13 (a) that the pressure levels on the C-TB model are only affected at the top and bottom faces compared to the C model. Because of the curvature introduced by the flow orientation at the edges, the pressure level on the top and bottom faces is lower than that on the left and right faces. The pressure differences are responsible for the three dimensional separation and vortex formation around each corner at the base. We turn now to the C-LR model for which only both lateral edges are chamfered with Φ L = −Φ R = 10
• (see table 2 ). In that case, only the pressure levels on the left and right faces are significantly decreased compared to the C model (figure 13b). It results in three dimensional separation producing longitudinal vortices at each corners but with opposite vorticity to that of the C-TB model (see figure 12b) . A drag reduction of 1.7% is obtained for the C-LR model.
The very interesting result is for the flow orientation at all the edges
• , better known as the "boat tail" geometry. The C-TBLR model now combines the two previous geometries and, as a result also combines the pressure levels as can be noticed in figure 13 . The pressure distributions on the top and bottom faces are identical to these of C-TB model, and the left and right pressure distributions are identical to these of the C-LR model. In opposition, the drag reduction is not the sum of the DR of both the C-TB and C-LR models, but is 7.4% that is much larger ! The explanation is given by the equilibrium of the pressure on all the faces due to the boat tail effect, that suppresses the three dimensional separations, and hence the longitudinal vortices as shown in figure 13(c) . This result is consistent with the model proposed in [24] because it proves the role of the induced drag in the presence of the drag optimum when the wake flow is oriented on two opposite sides only. Eventually, the drag reduction obtained with the C-TBLR model is 10.7% compared to the reference squareback Ahmed model.
Concluding remarks
The control of the wake past the squareback Ahmed geometry at Re H = 2.5 10 6 extends the results of the previous laboratory experiments to industrial scales. First, the flow presents a dependence on the angles of the trailing edges similar to the one depicted in [24] both in terms of trends and amplitude. The drag as a function of the top and bottom angles can be analyzed as a two dimensional contribution related to the apparent rear bluffness of the geometry and three-dimensional contributions from both the local vortices emitted at the corners of the base and the large-scale vortices associated with the lift. An optimized geometry is found presenting a 5.8% drag reduction compared to the squareback Ahmed model. The bi-stable behavior of the wake of the reference geometry [12] is still observed in the present optimized configuration. It is characterized by a plateau of drag for very small yaw angles of sideslip, typically for |β| < 1.0
• , with important fluctuations of the side force. Based on the sensitivity analysis at the laboratory scale detailed in [29] , the use of a vertical disturbance at the appropriated location, i.e. near the center of the recirculation region, leads to a suppression of the bi-stable behavior and some additional drag reduction at the industrial scale. For this controlled case the drag reduction is 7.4% compared to the squareback Ahmed model. Hence 1, 6% in DR is ascribed to the presence of the control cylinder.
In parallel, an efficient method to limit the formation of the local longitudinal vortices of the optimized geometry is to orient simultaneously the flow from the sides of the geometry in order to retrieve a relative axisymmetry in the afterbody flow. In that case a drag reduction of 10.7% is obtained compared to the squareback Ahmed model. This drag reduction involves, a cavity effect bringing 3.6% drag reduction, and the boat tail effect that together make the cumulative DR of 10.7%. The cavity effect appears to be an efficient method, in our case it is coupled to a strong reduction of the side force fluctuation indicating an inhibition of the wake bi-stability. However, further experiments are needed to clarify the role of the wake bi-stability in the ability of a deep cavity to reduce the drag of the squareback Ahmed model.
